A high-fat diet (HFD) induces obesity, which is a major risk factor for cardiovascular disease and cancer, while a calorie-restricted diet can extend life span by reducing the risk of these diseases. It is known that health effects of diet are partially conveyed through epigenetic mechanism including DNA methylation. In this study, we investigated the genome-wide hepatic DNA methylation to identify the epigenetic effects of HFD-induced obesity.
INTRODUCTION 4)
Obesity can lead to serious health consequences. Increasing evidence suggests that obesity has been recognized as a global health concern. In 2010, overweight and obesity were estimated to cause 3.4 million deaths (95% UI 2.8 million to 4.0 million deaths) and 3.8% (3.1 to 4.4%) of disability-adjusted life years (93.6 million years, 77.1 million to 110.6 million years) globally [1] . The perils of obesity may lie in its association with noncommunicable diseases, including cardiovascular disease, diabetes, and cancers.
Genetic, environmental, and dietary factors contribute to the development of obesity. Among dietary risk factors, an energydense diet that is often represented by high-fat diet (HFD) is one of the main causes of obesity. Diet-induced obesity has been shown to induce metabolic syndrome (generally implicated in glucose intolerance, hypertension, and dyslipidemia) and nonalcoholic fatty liver disease (NAFLD, hepatic manifestation of obesity and metabolic syndrome) [2, 3] . Because liver is a critical organ for the metabolisms of glucose and triacylglycerol, liver tissues have been often used to elucidate the molecular and pathophysiological mechanisms of the metabolic disruptions associated with obesity. Thus far, studies have shown that obesity and metabolic syndrome are associated with increased hepatic fat (triacylglycerol) content and insulin resistance [4] . Moreover, the overproduction of inflammatory markers, such 1) as plaminogen activator inhibitor-1, interleukin-6, and tumor necrosis factor, has been observed with obesity [5] [6] [7] .
Epigenetics is defined as a reversible and heritable change that affects gene expression without altered DNA sequence. With advances in epigenetic tools and technologies, attempts have been made to uncover the epigenetic mechanisms underlying metabolic disruption and chronic inflammation in the liver caused by diet-induced obesity. Particularly, the effects of nutrition on DNA methylation, a major epigenetic mechanism, have been extensively investigated [8] . A differential methylation in the promoter of hepatic leptin has been suggested as a cause of lower circulating leptin level in HFD-induced obese rats [9] . The decreased expression of glycolysis related Gck (glucokinase) and L-PK (L-type pyruvate kinase) genes in liver was associated with the DNA hypermethylation in HFD-induced obese rats [10] . Genes related to hepatic lipid metabolism including Scd1 (stearoyl-CoA desaturase 1) [11] and Mttp (microsomal triglyceride transfer protein) [12] were also hypermethylated in response to HFD, resulting in decreased expression of these genes. Maternal HFD during pregnancy and lactation led to CpG island hypomethylation of the cell cycle-related Cdkn1a gene in the livers of the offsprings, which was inversely correlated with its mRNA expression, suggestive of hepatic dysfunction in these offsprings [13] . However, regarding HFD-induced changes in hepatic DNA methylation, genome-wide analysis using highthroughput methods is limited and majority of previous studies have investigated DNA methylation in gene-specific way. In a study that examined the impact of HFD on genome-wide hepatic DNA methylation, animals were exposed to HFD from conception onward into adulthood [14] . DNA methylation patterns are established during prenatal and early postnatal period and generally persist through adulthood. However, exposure to factors influencing methylation patterns accumulates throughout life and such methylation changes are observed during aging [15] . Therefore it is necessary to look into the influence of HFD during adulthood on DNA methylation as well.
In this study, using a combination of high-throughput DNA methylation array method, bioinformatics analysis and real time PCR, we examined the changes in genome-wide DNA methylation patterns associated with HFD-induced obesity and determined that these DNA methylation changes influenced gene expression.
MATERIALS AND METHODS

Animals and diets
Seven weeks old male C57BL/6N mice were purchased from Central laboratory Inc. (Seoul, Korea). On arrival, all mice were housed individually at constant temperature (25 ± 4°C) with a 12-h light/12-h dark cycle and were fed a control diet (CD; #D12450B, Research Diets, New Brunswick, NJ, USA; 10% fat, 70% carbohydrate, and 20% protein in kcal%; 3.85 kcal/g) ad libitum for a week. After a week of acclimation period, mice were assigned to one of three groups, each according to similar average initial body weights: control diet (CD, n = 7) group, calorie-restricted control diet (CRCD, n = 7) group, and high-fat diet (HFD; #D12492, Research Diets, New Brunswick, NJ, USA. high-fat diet; 60% fat, 20% carbohydrate, and 20% protein in kcal%; 5.24 kcal/g, n = 7) group. The composition of diets is presented in Table 1 . CD and HFD mice were fed diets ad libitum while CRCD mice were provided the same amount of control diet as HFD animals ate. Daily food intake and body weight were recorded. At the end of 16 weeks of the experimental period, mice were fasted for 12 hours and then euthanized with CO2 asphyxiation. Their livers were collected and weighed. Portions of each liver were either flash frozen in liquid nitrogen or stored at -80°C until further analysis or embedded in paraffin and stained with hematoxylin and eosin for histology. All animal protocols in this study were approved by the Institutional Animal Care and Use Committee of Seoul National University (Approval No. SNU-090710-1).
Determination of hepatic lipid levels
Total hepatic lipids were extracted using a modified Folch extraction procedure [16] . Briefly, each liver sample was homogenized in phosphate buffered saline and the lipids were extracted with chloroform-methanol (2:1, v/v) solution. Triacylglycerol and cholesterol levels were determined using an enzymatic colorimetric kit (Asan Pharm Co., Ltd, Seoul, Korea) according to the manufacturer's protocol.
DNA methylation microarray
Genomic DNA was extracted using the standard phenol/ chloroform/isoamyl alcohol method (25 
Searching for differentially methylated regions (DMRs)
The comprehensive high-throughput array for relative methylation (CHARM) method [18] in R studio was used for the analysis of our MeDIP DNA methylation arrays, with modifications used in previous study [19] . Briefly, between groups, if probes had a t-test P-value < 0.01 and mean difference in log2 ratio > 0.5, they were considered differentially methylated probes (DMP). Thereafter, regions of genomically neighboring probes that had a between-group t-test P-value < 0.005 were identified to analyze our MeDIP DNA methylation arrays between different comparisons. The CHARM package is freely available open software program from Bioconductor (http://bioconductor.org/ packages/release/bioc/html/charm.html).
Annotation of DMRs
After DMRs for each diet comparison was determined, regions were annotated to the nearest genes using Genomic Regions Enrichment of Annotations Tool (GREAT) [20] . This tool uses UCSC mm9 mouse genome to annotate chromosomal regions to their nearest genes [21] . For this study, if a region falls within a range of 5.0-kb upstream or 1.0-kb downstream of the gene's transcription start site (TSS), it was assigned to that gene (regardless of other nearby genes). Curated regulatory domains, which fall outside of the aforementioned region but have experimental evidence of directly regulating a gene, were also perceived to be associated with that gene.
Ingenuity Pathway Analysis
After DMRs were annotated to the genes, genes which showed significant differences in DNA methylation between the study group (HFD) and the control groups (CD and CRCD) underwent Network analysis using Ingenuity Pathway Analysis (IPA) (Ingenuity® Systems, http://www.ingenuity.com) to identify top molecular functions associated with HFD mice methylome. Network analysis of IPA performs a Fisher's exact test to generate de novo molecular networks based upon userspecified input data. P-values calculated by Fisher's exact tests determine the significance of the enriched network, deriving a Network score.
Quantification of gene expression
mRNA levels of genes selected from network analysis were measured using real time PCR.
Genes of interest were selected based on the following steps: First, genes of interest should be in a network with the highest network score. Secondly, genes in the network chosen should be evidenced by previous papers that they were likely to be involved in the top diseases and functions indicated by the IPA network analysis result. This step was important because some of the genes in the networks were better known for functions and diseases other than the ones revealed by IPA. Thirdly, among those genes that passed the second step, Casp1 and Ndufb9 were the ones that showed greatest differences in methylation levels between HFD vs. CD and HFD vs. CRCD, respectively. Therefore, we chose Casp1 and Ndufb9 to be our genes of interest in HFD vs. CD and HFD vs. CRCD comparisons, respectively.
Total RNA was extracted from the liver using RNAiso Plus (Takara Bio), and RNA sample quality was verified by agarose gel electrophoresis and Gel Doc XR system (Bio-Rad Laboratories). The absorbance at 260 nm and 280 nm was measured using a spectrophotometer (DU530, Beckman Coulter) for RNA purity assessment and concentration quantification. Each RNA extract was then reverse transcribed to cDNA (PrimeScriptTM II 1 st strand cDNA synthesis kit, Takara Bio). Gene expression was determined in a StepOneTM Real-time PCR system (Applied Biosystems) using ROX reference dye (Takara Bio) and SYBR Premix (Takara Bio). Target gene expression was normalized to that of the endogenous control glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and the relative quantification (2 -ΔΔCT ) method [22] was used to determine the relative expression level of the target genes, using Gapdh as the internal control. The sequences of the primers used are shown in Table 2 .
Statistical analysis
Differences in body weight, diet intake, liver weight, hepatic lipid levels, and gene expression were analyzed by one-way ANOVA using SAS version 9.3 (SAS Institute, Cary, NC, USA), followed by Fisher's Least Significant Difference (LSD) test for individual group comparison. P < 0.05 was considered statistically significant. The results are presented as means ± SEM.
RESULTS
Body weight, weight gain, Liver weight, and food intake
Average food intake (g/day) was 13.7% lower in the HFD group compared with the CD group. However, the average daily energy intake (kcal/day) was 17.4 % higher in the HFD than in the CD groups. The CRCD group's average daily energy intake (kcal/day) was 15.3% lower than that of the CD group. After 2) One-way ANOVA was used to determine the statistical differences among groups, followed by Fisher's LSD tests (P < 0.05 was considered significantly different). CRCD, calorie-restricted control diet; CD, control diet; HFD, high-fat diet. 2) One-way ANOVA was used to determine the statistical differences among groups, followed by Fisher's LSD tests (P < 0.05). CRCD, calorie-restricted control diet; CD, control diet; HFD, high-fat diet. CRCD, calorie-restricted control diet; CD, control diet; HFD, high-fat diet.
Fig. 2. Distance between DMRs and their annotated genes. The number of DMRs
falling within the designated intervals relative to their annotated genes' transcription start sites (TSSs) are presented above each bar. This graph was generated via Stanford University's GREAT Analysis. DMRs: differentially methylated regions.
16 weeks of experiment, there were significant differences in body and liver weights among groups, the HFD group had the highest body and liver weights and the CRCD group had the lowest (Table 3) .
Hepatic lipid levels
Liver triacylglycerol and cholesterol levels were significantly different among groups (Table 4 ). The liver triacylglycerol levels of the HFD and CD groups were significantly higher than those of the CRCD group. The liver cholesterol levels of the HFD group were significantly higher compared with those of the CD (78.1% higher in mg/g tissue, 82.1% higher in μg/mg protein) and CRCD (720.6% higher in mg/g tissue, 155.2% higher in μg/mg protein) groups.
Genome-wide DNA methylation
Three comparisons were performed for DNA methylation analysis: HFD vs. CD, HFD vs. CRCD, and CD vs. CRCD. To organize microarray measurements in a heat-map matrix, all probes from the microarray with a difference in log2 ratio > 0. 5 Genes found in our data that were hypomethylated in HFD group. Bold: Genes found in our data that were hypermethylated in HFD group. For Mup1( includes others) in this table, it refers to Mup5. DMRs, differentially methylated regions; HFD, high-fat diet; CD, control diet. This network is involved in gastrointestinal disease, hepatic system disease, and liver steatosis. Red: Genes found in our data that were hypomethylated in HFD group. Green: Genes found in our data that were hypermethylated in HFD group. HFD, high-fat diet; CD, control diet. P-value < 0.01 were used. The heat maps between CD and CRCD did not show significant differences. On the other hand, the heat maps between HFD and CRCD showed stronger clustering effect than that between HFD and CD (Fig. 1) . After applying the per-probe quality control techniques, genomically neighboring probes were grouped together into This network is involved in lipid metabolism, molecular transport, and small molecule biochemistry. Red: Genes found in our data that were hypomethylated in HFD group. Green: Genes found in our data that were hypermethylated in HFD group. HFD, high-fat diet; CRCD, calorie-restricted control diet. a differentially methylated region (DMR) when each of those probes was determined to be differentially methylated between two compared groups with the P-value < 0.01. In all three comparisons combined, most of the DMRs were near the transcription start sites (TSSs) of their annotated genes (Fig. 2) , indicating that those DNA methylation changes may affect gene expression.
DMR annotation and IPA analysis
Using DMRs annotated to the genes of mouse genome, we conducted a network analysis using IPA (Table 5 and Table 6 ). In the HFD vs. CD comparison, 13 of 280 genes annotated back from DMRs were related to gastrointestinal disease, hepatic system disease, and liver steatosis (network score of 16). Five of 280 genes from the same comparison were related to the network with the biological function of carbohydrate metabolism, small molecule biochemistry, and cell death and survival (network score of 6). Within these two networks, HFD showed tendency of lower DNA methylation with few exceptions.
In the HFD vs. CRCD comparison, 5 of 179 genes annotated back from DMRs were mapped into a network with the biological function of lipid metabolism, molecular transport, and small molecule biochemistry (network score of 5). Three of 179 genes from the same comparison were enriched in another network related to cardiovascular disease, cellular assembly and organization, and cellular development (network score of 3). The HFD group showed lower DNA methylation in the HFD vs. CRCD comparison as well, with just a couple of exceptions.
Gene expression affected by DNA methylation
In the HFD vs. CD comparison, Casp1 (Caspase 1) is one of the central nodes in network 1 (Fig. 3) . Casp1 is a gene that encodes caspase-1 which is known to be a proinflammatory caspase involved in the proteolytic activation of inflammatory cytokines IL-1 and IL-18 [23] . Our data indicated that CpG sites located at roughly 1.5-kb upstream of the TSS of Casp1 gene might be hypomethylated in the HFD group. Our data also exhibited that the mRNA expression of Casp1 was 1.4-fold upregulated in the HFD group compared with the CD group (P = 0.018) (Fig. 4) , suggesting that the gene expression might be influenced by CpG site hypomethylation in its gene promoter region.
In the network 1 of HFD vs. CRCD comparison (Fig. 5) , Ndufb9 (NADH dehydrogenase 1 beta subcomplex 9) is one of the hypermethylated genes in the HFD group. Ndufb9 is a nuclear gene that encodes an accessory subunit of mitochondrial complex I of the oxidative phosphorylation system [24] and is one of the necessary subunits for assembly and/or stability of complex I [25] . Based on our data, CpG sites ~2.6-kb downstream of the TSS of Ndufb9 gene were hypermethylated in the HFD group compared with the CRCD group and its mRNA expression was lower in the HFD group compared with the CRCD group at the half level (P = 0.041) (Fig. 6) . Thus, the intragenic DNA methylation of Ndufb9 might have led to the down-regulation of its mRNA expression.
DISCUSSION
In this study, genome-wide changes in DNA methylation patterns in HFD-induced obese mice were analyzed to understand biological network associated with consumption of HFD compared with CD and CRCD and to validate whether transcription of the genes with DMRs were regulated by DNA methylation. Biological networks related to liver lipid accumulation and liver diseases were associated with HFD-induced DNA methylation changes. Particularly in the HFD vs. CD comparison, hypomethylation of DMR in the promoter region of proinflammatory Casp1 gene under HFD seemed to be a possible cause of its increased mRNA level. Moreover, in the HFD vs. CRCD comparison, hypermethylated DMR in intragenic region of Ndufb9 under HFD might be a cause of its lower mRNA expression.
The significance of these findings is that high-throughput method was utilized to provide the insight into the influence of HFD-induced obesity on genome-wide changes in hepatic DNA methylation. There was a similar high-throughput approach previously, in which the effect of HFD was examined from mouse conception through the adulthood [14] . The current study differs in its design from the previous study in that it examined the effect of HFD consumption during the adulthood only. Since changes in DNA methylation patterns after early life period is also important [15] , this study could complement current knowledge by providing information on genome-wide influence of HFD consumption during adulthood.
Heat maps of HFD vs. CD and HFD vs. CRCD comparisons showed strong clustering effects suggesting that HFD had an influence on DNA methylation. Most of the DMRs were located within 5-kb up or downstream of TSS in this study. Since methylation around TSS is generally known to affect gene expression [26] , it is suggested that changes in methylation detected in our study might have influences on gene expression.
In both HFD vs. CD and HFD vs. CRCD comparisons, HFDinduced DNA methylation changes were associated with biological networks of functions related to liver lipid accumulation and liver diseases. It is concurrent with previous findings that HFD causes changes in methylation status of specific genes involved in glucose and lipid metabolism of liver, inflammation, and liver development [10] [11] [12] [13] 27] . In a previous study that investigated the genome-wide effect of HFD on liver DNA methylation starting from mouse conception, annotated genes with DMRs were enriched in signaling pathways of liver steatosis and liver development such as cell morphogenesis, developmental growth, response to stimuli, signal transduction, and triacylglycerol biosynthesis [14] . Therefore, results from this study could complement current knowledge by providing genome-wide evidence that HFD affects biological networks associated with liver lipid accumulation and liver diseases even during the adulthood.
Proinflammatory Casp1 gene in the HFD vs. CD comparison was selected to examine its gene expression because CpG sites within the promoter region of human CASP1 gene was reported to be hypomethylated in the livers of advanced NAFLD patients compared with that of the mild NAFLD patients and CASP1 mRNA level were inversely related to methylation status of its CpG sites [28] . Although mice from the HFD group in this study had enlarged liver and accumulation of lipid in the liver, the magnitude was not severe enough to be considered as NAFLD. This suggests that HFD could modulate Casp1 methylation status and its expression even at the pre-NAFLD stage.
On the other hand, there was no previous study regarding the influence of HFD or obesity on regulation of Ndufb9 gene expression in liver. In epididymal white adipose tissue, Ndufb9 was down-regulated in response to high-fat diet [29] . However, it is not known whether this downregulation was due to changes in DNA methylation. In this study, Ndufb9 was hypermethylated in the HFD group compared with the CD group and the level of Ndufb9 mRNA was also lower, suggesting that Ndufb9 expression was regulated by DNA methylation. Moreover, because Ndufb9 encodes one of the necessary subunits for assembly and/or stability of complex I of oxidative phosphorylation system of mitochondria [24, 25] , decrease in Ndufb9 expression might contribute to the impairment of energy metabolism in HFD-induced obese mice.
Regarding the location of methylation sites, our results showed that DMR of Casp1 is located approximately 1.5-kb upstream of TSS. Although the impact of methylation within the promoter region varies depending on the particular genomic and cellular context of a given cell [26] , it is generally accepted that the initiation of transcription is blocked by methylation within the promoter region in mammalian cells [30] . Our result showed that hypomethylation of Casp1 promoter region in HFD group compared to CD group was associated with reduction of transcriptional activity. DMR of Ndufb9, on the other hand, was located approximately 2.6-kb downstream of TSS, indicating that differential methylation was at the downstream of TSS. Role of intragenic methylation in mammal is controversial. Some suggests that methylation in gene body is positively correlated with mRNA transcription, meaning that methylation downstream of TSS does not block transcription elongation [30] . However, it was also reported that gene-body methylation could interfere with transcription elongation [31] . In this study, there was a hypermethylation downstream of Ndufb9 TSS in HFD group compared with CRCD group and the mRNA expression was lower in HFD group. Therefore, it seemed that intragenic methylation of Ndufb9 might have reduced efficiency of transcription elongation of the gene in HFD group and consequently downregulated its mRNA expression.
To the best of our knowledge, our study is the first to provide the evidence of genome-wide effect of HFD consumption during the adulthood on DNA methylation of liver tissue. However, some cautions are needed when interpreting the results due to its study design and experimental methods. First, paired mouse in CRCD group was provided the same total amount of food as the amount of food consumed by the paired mouse in HFD group and as a result the amount of individual nutrients consumed were different. Thus when interpreting the results from HFD vs. CRCD comparison, factors such as lower micronutrient intake in the CRCD group compared with the HFD group should be considered. However, the micronutrient intake of the CRCD group was lower by only 14% than that of the HFD group, and the amount consumed by the CRCD group would be enough to meet the nutrient requirement of the mouse [32] . Secondly, genomic DNA was extracted from whole liver tissue, therefore, changes in DNA methylation of specific cell types in liver tissue could not be determined. Finally, although microarray is a powerful tool for analysis of DNA methylation on a genome scale, it only provides crude tendency of methylation status, but does not give detailed information on the degree of methylation level. Hence, in order to validate DNA methylation differences screened via microarray method, additional examinations such as bisulfite pyrosequencing is required.
In summary, our findings provide genome-wide evidence that HFD feeding during the adulthood affects genes involved in liver lipid accumulation and liver steatosis through alteration of DNA methylation patterns.
